Introduction
Stroke population as well as global population is aging. 1 In developed countries, the proportion of elderly patients among stroke population increased, 2 and more than 30% of stroke patients were aged ≥ 80 years and 7.2% to 14.2% were aged ≥ 85 years. [3] [4] [5] [6] However, very elderly patients were excluded from or substantially under-represented in earlier intravenous tissue-plasminogen activator (TPA) trials. [7] [8] [9] [10] [11] In the third International Stroke Trial (IST-3) where 53% of 3,035 patients enrolled were aged > 80 years, the benefit of TPA was greater in patients aged > 80 years than in those ≤ 80 years, but the result did not reach statistical significance. 12 In an updated pooled analysis of randomized clinical trials (RCTs), 13 intravenous TPA significantly increased the excellent outcome defined by modified Rankin Scale (mRS) score 0-1 in patients aged > 80 years as well as those ≤ 80 years.
Although many countries have not formally approved the use of TPA for patients aged over 80 years, experienced centers have treated very elderly patients with intravenous TPA if eligible. In accordance with clinical trial results, data from real world practice also showed that the TPA treatment improved outcome in patients aged > 80 years although their outcomes were worse than observed in those aged ≤ 80 years. However, the data were generally driven by white populations. 14, 15 Compared to white populations, Asian populations are at higher risk of hemorrhagic complications after TPA treatment in acute ischemic stroke. 16 For very elderly Asian patients, data on the effectiveness and safety of TPA treatment in the setting of clinical practice are limited. In Japanese and Taiwanese studies, symptomatic intracranial hemorrhage (SICH) was not substantially and significantly increased with TPA, but most patients were treated with a lower dose. 17, 18 In addition, the benefit was not consistent; TPA treatment improved the outcome in the Japanese study, 17 but not in the Taiwanese study. 18 In Korea, about 8% of patients with acute ischemic stroke are being treated with TPA, 19 and the rate of thrombolytic therapy is increasing in stroke centers. 20 Despite the lack of marketing authorization for patients aged > 80 years in Korea, most centers provide TPA therapy to eligible patients with the standard dose of 0.9 mg/kg. The current study aims to assess the effectiveness and safety of TPA in very elderly Korean patients using data from a prospective stroke registry.
Methods

Database and subjects
The Clinical Research Center for Stroke-5 (CRCS-5) registry is a prospective registry of patients with acute ischemic stroke admitted to 15 academic centers in Korea (http://www.stroke-crc. or.kr). The detailed information on the registry including the design, fields, and characteristics of data have been published previously. 20, 21 The CRCS-5 registry was approved by the Institutional Review Boards of all participating centers. The informed consent from individual patients or their legally authorized representatives was waived by the relevant institutional review boards because the registry aimed to monitor and improve the quality of stroke care and a computer-assisted de-identification system ensured the anonymity of individual patients during data collection. This study was additionally approved by the institutional review board of Ilsan Paik Hospital.
To the CRCS-5 dataset between April 2008 and November 2013, we applied following inclusion criteria; (1) age ≥ 80 years, (2) evidence of acute ischemic stroke on neuroimaging, and (3) admitted to the hospitals within 7 days from symptom onset. The exclusion criteria were (1) patients with pre-stroke mRS score of > 1, (2) patients who were treated with intraarterial or combined intravenous and intraarterial thrombolytic therapy, (3) patients who were treated with intravenous TPA at outside hospitals, and (4) unavailability of discharge mRS.
Data collection
For this study, we extracted the following data from the main registry: (1) age, sex, pre-stroke functional disability measured by mRS score, systolic and diastolic blood pressure at admission, and onset to arrival time; (2) nine, and hemoglobin); (3) vascular risk factors (hypertension, diabetes mellitus, hyperlipidemia, smoking, atrial fibrillation, and prior history of stroke and coronary artery disease); (4) medications prior to the index stroke (antiplatelet agents, statins and oral anticoagulants); (5) characteristics of the index stroke including initial stroke severity measured by the National Institutes of Health Stroke Scale (NIHSS) score, symptomatic stenosis or occlusion of intracranial or extracranial artery (SYSO); (6) thrombolytic treatment (use of TPA, dosage of TPA, and onset to treatment time); (7) outcomes after the index stroke (mRS scores at discharge and at 3 months after the stroke and SICH).
Ischemic stroke was classified as large-artery atherosclerosis (LAA), small-vessel occlusion (SVO), cardioembolism (CE), stroke of undetermined etiology (UDE) or stroke of other determined etiology (ODE) according to the TOAST criteria. 22 SICH was defined by the European Cooperative Acute Stroke Study (ECASS) III criteria of any apparently extravascular blood in the brain or within the cranium associated with a worsening of NI-HSS score ≥ 4 or leading to death. 9 SYSO was assessed using computed tomography angiography, magnetic resonance angiography, or conventional catheter angiography. For intracranial arteries, significant stenosis was defined as more than 50% stenosis of the artery compared with proximal or distal normal segment. 23 
Outcome measurement
The primary outcome was the distribution of mRS scores at discharge and the secondary outcomes were the proportions of mRS 0-1 and mRS 0-2 at discharge, SICH, and in-hospital mortality. For sensitivity analysis, we assessed the distribution of mRS scores at 3 months after the index stroke.
Statistical analysis
Values are presented as mean ± standard deviation (SD), median (interquartile range [IQR]) for continuous variables, or as the number (%) of subjects for categorical variables. Comparisons of baseline characteristics between the TPA patients and untreated patients were made using the Pearson chi-square test, Student t test or Wilcoxon rank sum test according to the type of variable.
For the primary outcome, we compared the overall distribution of discharge mRS scores between the two groups. The odds ratio (OR) and 95% confidence interval (CI) were calculated to estimate the probabilities of favorable one level shift on the mRS score with TPA treatment. The Cochran-Mantel-Haenszel test was used for unadjusted shift analysis, and the ordinal logistic regression analysis was used to adjust covariates. For the secondary outcomes, we used Chi-square test or Fisher's exact test for unadjusted analysis and binary logistic regression analysis for covariates adjustment. Because the baseline characteristics of the two groups were expected to differ significantly, particularly for stroke severity, we conducted propensity score (PS)-matched analysis in addition to multivariable analysis. To estimate PS, the binary logistic regression with the TPA treatment as a dependent variable was used, and the model included all relevant pretreatment characteristics related to the TPA treatment. After obtaining the PS, we used a greedy-matching algorithm with maximal width of calipers being 0.2 standard deviations of the logit of the estimated PS. 24 To check the baseline imbalances between the two groups after the PS matching, absolute standardized differences (ASDs) was computed for each covariate.
After the PS matching, we performed outcome analysis using ordinal or logistic regression analysis based on the generalized estimation equation method. Clinically important covariates such as age, sex, pre-stroke mRS, initial NIHSS score, and fasting blood glucose level were entered into the final model regardless of their ASD values. Covariates with an ASD > 0.1 were further adjusted in PS-matched analysis. In all analyses, a P value < 0.05 was considered statistically significant. SAS computer software (Version 9.3, SAS Institute, Cary, NC, USA) was used for the statistical analyses. 
Results
Of 3,720 patients with acute ischemic stroke ≥ 80 years old enrolled in the CRCS-5 registry between April 2008 and Nov 2013, we excluded 1,386 patients in the following order: (1) 196 patients without relevant acute ischemic stroke on neuroimaging; (2) 108 patients who admitted to the participating hospitals beyond 7 days from symptom onset; (3) 918 patients with a pre-stroke mRS score > 1; (4) 131 patients treated with intraarterial or combined intravenous and intraarterial thrombolysis; (5) 29 patients who were treated with TPA at outside hospitals; (6) 3 patients in whom discharge mRS scores were unavailable; and (7) 1 patient who were treated with intravenous TPA due to pulmonary embolism (Figure 1) .
The final study cohort for the current analysis included 2,334 patients and the mean age of the patients was 83.9 years (SD, 3.5) with 40.1% being men. The median delay from onset-to-door was 12.7 hours (IQR, 3.7-34.1) and the median NIHSS score at presentation was 5 (IQR, 2-11). LAA (35.1%) was the most common ischemic stroke subtype, followed by CE (29.4%), UDE or ODE (23.1%) and SVO (12.4%). Other baseline characteristics are presented in Table 1 .
Of the 2,334 patients, 236 (10.1%) were treated with TPA. The median onset-to-treatment and door-to-treatment time were 131 minutes (IQR, 94-180) and 40 minutes (IQR, 30-52) respectively: 76% (179 patients) were treated within 3 hours, 19% (46 patients) between the 3-4.5 hours, and 5% (11 patients) beyond the 4.5 hours window. Of the 236 patients, 187 patients (79.2%) received 0.9 mg/kg of TPA. The TPA group compared with the no-TPA group had a higher NIHSS score at presentation (median NIHSS [IQR], 13 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] versus 4 [2] [3] [4] [5] [6] [7] [8] [9] ; P< 0.001). In addition, the TPA group versus the no-TPA group was more likely to be younger and to have atrial fibrillation, SYSO, higher fasting blood glucose, and higher initial systolic blood pressure. The distribution of ischemic stroke subtypes differed between the two groups with CE being the most common in the TPA group whereas LAA being the most frequent subtype in the no-TPA group. At discharge, 44 (18.6%) among the 236 TPA-treated patients and 603 (28.7%) among the 2,098 untreated patients achieved an excellent functional outcome (mRS 0-1). Using the PS, 236 patients treated with TPA were matched to 788 untreated patients (1:2 in 53 pairs, 1:3 in 50 pairs, and 1:4 in 133 pairs). After the PS matching, most baseline characteristics were well balanced between the two arms, but the ASD value for the initial NIHSS score remained > 0.1, indicating a residual imbalance even after the PS matching (Figure 2 ).
For the primary outcome, on unadjusted analysis, the TPA group had a worse discharge mRS score distribution compared with the no-TPA group (OR 0.48; 95% CI, 0.38-0.61; P< 0.001). However, on multivariable logistic regression analysis, the TPA group compared to the no-TPA group had a statistically significant favorable shift on the discharge mRS score distribution (OR 1.51; 95% CI, 1.17-1.96; P= 0.002). After the PS matching, the TPA effect of shifting the functional outcome towards better mRS outcome categories remained significant and was similar to the result of multivariable analysis (OR 1.54; 95% CI, 1.17-2.04; P= 0.002) ( Table 2 and Figure 3) .
For secondary outcomes, before covariates adjustment and PS Before PS matching After PS matching charge ( Table 2) .
SICH was found in 18 (7.6%; 95% CI, 4.6%-11.8%) among the 236 TPA-treated patients and 18 patients (0.9%; 95% CI, 0.5%-1.4%) among the 2,098 untreated patients (OR, 9.54; 95% CI, 4.89-18.61; P< 0.001). TPA treatment was associated with an increased risk of SICH on multivariable logistic regression analysis (OR, 5.45; 95% CI, 2.80-10.59; P < 0.001) and PS-matched analysis (OR, 4.52; 95% CI, 2.24-9.13; P< 0.001) ( Table 3 ). For mortality, unadjusted analysis showed that the in-hospital mortality was higher in the TPA group than in the no-TPA group (8.5% vs. 4.7%). However, after adjusting for covariates, it did not differ between the two groups (OR, 0.86; 95% CI, 0.50-1.48; P= 0.58). For the PS-matched cohort, the in-hospital mortality rate was not different: 8.5% for the TPA group and 9.6% for the no-TPA group (OR, 0.88; 95% CI, 0.52-1.47; P= 0.62) ( Table 3) .
The mRS scores at 3 months were available in 1,909 patients (81.8%) and were analyzed as a sensitivity analysis. At 3 months, TPA favorably and significantly shifted the mRS score distribution in the multivariable and PS-matched analyses, and the findings were generally consistent with those observed from the discharge mRS outcome (Table 4 and Figure 4) . matching, the proportions of discharge mRS 0-1 and mRS 0-2 outcomes were lower in the TPA group than in the no-TPA groups. However, on multivariable analysis, the TPA group was more likely to achieve mRS 0-1 (OR 2.00; 95% CI, 1.32-3.03; P = 0.001) and mRS 0-2 (OR 2.01; 95% CI, 1.36-2.95; P < 0.001) outcomes at discharge (Table 2 ). For the PS-matched cohort, the TPA group compared to the no-TPA group had significantly higher proportions of mRS 0-1 (18.6% vs. 17.3%; OR 1.59; 95% CI, 1.04-2.42; P = 0.032) and mRS 0-2 (28.4% vs. 25.9%; OR 1.97; 95% CI, 1.31-2.99; P= 0.001) outcomes at dis-http://j-stroke.org 333
Discussion
In this study of very elderly Korean patients with acute ischemic stroke, there was a significant outcome improvement with intravenous TPA treatment in routine clinical practice. The TPA treatment within 4.5 hours resulted in about 1.5-fold increased odds of one level shift towards better mRS outcome categories, 1.6-to 2.0-fold increased odds of an excellent outcome of mRS 0-1, and almost 2.0-fold increased odds of a good outcome of mRS 0-2. Although the risk of SICH increased with TPA by approximately 4.5-to 5.5-fold, it did not translate into an increase in in-hospital mortality.
Our findings are in accordance to and extend data regarding the TPA benefit from earlier pooled analysis of RCTs and observational studies. In our PS-matched analysis, the increased odds (95% CI) of mRS 0-1 outcome with TPA was 1.59 (1.04-2.42), whereas it was 1.56 (1.17-2.08) in patients aged > 80 years in the pooled-analysis of RCTs. 13 In addition, the TPA effect on shift analysis was similar between our results (1. 15 Therefore, the TPA benefit observed in clinical practice of very elderly Korean patients was quite comparable to those obtained in the clinical trials and an observational study largely driven from white populations. Among Asian studies, a Japanese registry study showed that the odds (95% CI) of achieving mRS 0-2 outcome at discharge with TPA treatment was 2.23 (1.16-4.29) on PS-matched analysis, 17 which was comparable to our odds of 1.97 (1.31-2.99) seen on the similar analysis. The findings from the two Japanese and Korean studies with different baseline characteristics and TPA dose (0.6 mg/kg in the Japanese study versus 0.9 mg/kg in 79.2% of our patients) strongly suggest the TPA benefit in very elderly Asian patients.
Patients with advanced age are at high risk of SICH, which potentially mitigates the TPA benefit in very elderly patients. In the current study, the TPA treatment was associated with an increased risk of SICH as expected. The rate of SICH per the ECASS III definition was 7.6%, which appears higher than observed in the comparable population in the SITS-ISTR registry (2.5% per the SITS-MOST definition), 15 the Japanese study (5.2% per the NINDS-TPA trial definition), 17 and the Taiwanese study (6.7% per the SIT-MOST definition). However, since the individual studies differed in their SICH definitions as well as baseline characteristics, the observed SICH rates across the studies could not be directly compared. In a recent study of the CRCS-5 registry of Korea, the SICH rate of 1,698 patients (mean age of 67.8 ± 13.0) after intravenous TPA was 5.6%. 20 Therefore, the risk of SICH does not seem to substantially and unacceptably increase in very elderly Korean patients. Furthermore, in the PS-matched cohort, the increased SICH risk did not lead to an increase in the proportion of mRS 5-6 outcome at discharge (34.3% in the TPA group vs. 35.8% in the no-TPA group) as well as in-hospital mortality (8.5% in the TPA group versus 9.6% in the no-TPA group) (Figure 3) . The pooled analysis of RCTs also showed no significant association between age and fatal intracranial hemorrhage. 13 Therefore, the increased risk of SICH should not be a reason for avoiding the use of TPA in very elderly patients. However, given the 4-to 5-fold increased risk of SICH with TPA in elderly patients, treatment decision should be carefully made after taking into account the benefit Figure 4 . Distribution of 3-month modified Rankin Scale score before (A) and after (B) propensity score matching. and risk of the treatment. In addition, the predictors of SICH in elderly patients need to be explored in future studies. This study is subject to several limitations. First, our findings were driven from observational registry data and thereby a risk of bias from unmeasured or residual confounders exists despite the covariates adjustment and PS matching techniques. Second, the onset-to-door time was significantly different between the TPA and non-TPA groups. Comparing outcomes among patients admitted within 4.5 hours would be more desirable. However, because of the limited number of patients admitted within 4.5 hours to ensure a sufficient sample for PS matching, more wide time window was applied to selecting control patients. Third, we used mRS outcome at discharge rather than at 3 months, a preferred and recommended time point for an outcome study of acute stroke therapy. However, mRS at day 7/10 strongly correlated with the 90-day mRS. 25 In addition, the TPA effect on the distribution of mRS scores at discharge in this study was consistent with and comparable to that on the 3-month mRS score distribution (data available for more than 80% of patients). Finally, the current results were obtained from stroke centers that were well experienced with TPA treatment and had a relatively high thrombolytic therapy rate of 13% among patients with ischemic stroke. 20 Therefore, there would be a limitation in the generalizability of our findings to patients treated in less experienced centers.
Conclusion
Despite the increasing health care burden of very elderly patients, these patients have been excluded from or under-recruited in clinical trials across a wide range of conditions including stroke and other neurological diseases as well as non-neurological diseases. [26] [27] [28] The lack of firm evidence from individual clinical trials has been an obstacle for an effective intervention such as TPA for acute ischemic stroke to be approved from a regulatory authority and applied to routine clinical practice in the management of very elderly patients. The current study using a well-designed prospective registry database shows that intravenous TPA within 4.5 hours improved the functional outcome despite an increased risk of SICH in very elderly Korean stroke patients. The findings, consistent with those from pooled analysis of RCTs and other observation studies, strongly support the use of TPA for the very elderly population.
